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PHYSICS

UDC 621.378.325

INFLUENCE THAT MIXING EFFECTS HAVE ON THE ENERGY CHARACTERISTICS OF A SELF-
CONTAINED CW CHEMICAL HF LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 4(82), Apr 79 pp 747-758

[Article by A, A. Stepanov and V. A, Shcheglov, Physics Institute imeni
P. N. Lebedev, Academy of Sciences USSR, Moscow]

[Text] A self-contained chemical HF laser of diffusion type

is calculated on the basis of boundary layer equations. The
authors discuss the particulars of the method of calculation.

An investigation is made of the way that the energy character-
istics of the laser depend on the parameters of the system.

Major emphasis is placed on the influence of factors that control
the process of mixing of the oxidizer and fuel jets. The results
of the work can be used in practical optimization of the energy
characteristics of a cw chemical HF laser.

1. Introduction

- With the development of supersonic chemical HF lasers that occupy a leading
place in the field of circulating laser systems with chemical excitation,
there has been an expansion of the class of theoretical problems that are in
urgent need of solution and have direct practical significance. The energy
parameters of lasers of this class depend appreciably on both kinetic and
gasdynamic processes that have an influence on the formation of the active
medium as chemically active jets are mixed. However, while the area of the
chemical and vibrational kinetics of HF lasers has been fairly well covered,
the same cannot be said of the gasdynamic phenomena that are typical of such
a system, which 1s due in large part to the complexity of adequate calculation
of the gasdynamic flow pattern,

One of the following approaches is generally used in theoretical investi-
gation of cw chemical lasers: one-dimensional (instantaneous mixing model
[Ref. 1, ]); quasi one-dimensional (of the flame-front model type [Ref. 8-12,
. 18-20]); an approach in which the mixing process is described by boundary
layer equations [Ref. 2, 3, 5-7, 14-16]. 1In a more general approach, the
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. calculation of the diffusion HF laser should be based on Navier-Stokes equa-
tions (the corresponding equations for the plane and cylindrical cases are
presented in Ref. 17). However, such an approach imposes excessive demands
on the computer and therefore at present can scarcely be recommended for
studying energy characteristica¥,

lo contrast to the one-dimensional approach, quasi one-dimensional models
account for the finiteness of the rate of mixing of reagents; however, the
description of processes in the laser zone remains one-dimensional. Let us
note that these models have been used to get a number of practically important
results both directly in analytical form [Ref. 8-10, 12], and with the use
of comparatively simple numerical calculations [Ref. 18-20]. At the same
time, mention should be made of the openness of quasi one-dimensional models,
in virtue of which the diffusion mixing length Xq (see for instance Ref. 8,
12) must be determined from supplementary conditions. This circumstance is
obviously eliminated when the self-consistent problem is solved on the basis
of boundary layer equations. This approach with predetermined boundary
conditions gives more complete information on the distribution of gasdynamic
parameters with respect to current in the resonator cavity and on the influ-
ence that external factors have on the energy characteristics of the laser.

In this article a self-contained chemical HF laser of diffusion type is
calculated on the basis of boundary layer equations. Major emphasis in the
analysis is placed on the influence of factors that rontrol the process of
mixing of the gas streams: the space period of the nozzle cascade, the
ratio between the transverse dimensions of the jets of oxidizer and fuel,
the overall pressure in the flow, and the initial temperatures of the jets.
The literature is essentially devoid of such information, but at the same
- time this data is the basis for choosing the specific parameters of a laser
system when optimizing its energy characteristics. The results apply to an
HF laser in which excitation is achieved by a single-stage chemical process
F+Hy+HF +H (the "cold" reaction mechanism).

2. Fundamental Kinetic Processes

A peculiarity of a self-contained supersonic chemical HF laser is the gener-
ation of active centers (fluorine atoms) in the power section due to the heat
released as the corresponding fuel burns in an atmosphere of excess fluorine-
containing reagent. Usually this goal is met by the combustion reaction

aFy +Dy +2DF + (a - 1) F3.

In calculating the output parameters of the laser, we took consideration of
the following kinetic processes in the laser zone: 1) the pumping reaction
- F+Hy +HF(v) +H, where v=1-3 is the number of the vibrational level of HF;

*Let us mention Ref. 13, where the first attempts have been made at
using Navier-Stokes equations in application to the HF laser. Although
these papers do not contain calculations of energy parameters, they are
of-procedural interest.-
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2) recombination of ¥ and H atoms; 3) HF-HF and HF-H, vibrational exchange;
4) collisional deactivation of HF and Hy molecules; 5) radiative transitions
’ of HF(v) molecules (the P-branches of the vibrational bands v +v=-1, val-3 -

are considered),

Let us make a few comments relative to vibratlonal kinetics. Since a con-
siderable admixture of deuterium fluoride molecules is present in the primary
(oxidative) flow, it is also necessary to consider the nonresonant HF-DF

_ vibrational exchange. This process is directional in nature with transfer of
vibrational energy from HF to DF (the vibrational quantum of the HF molecule
is appreciably higher); therefore under the given conditions the reverse flow
of energy (from DF to HF) is low and can be ignored. This circumstance
enables us to combine the given process with the process of collisional
relaxation of HF on DF molecules, and to use as the constants of such a
process the overall constant of VV' zachange and VT relaxation of HF molecules
on DF, Let us note that in the case of nonresonant HF-H; vibrational exchange
an analogous simplification is no longer justified since the direction taken
by this process is essentlally the reverse, and the concentration of H,
molecules in the total mixture is rather high under typical conditions.

For the sake of simplicity, a harmonic approximation was used in describing
vibrational kinetics; the rate constants of the corresponding reactions are
given in Ref. 20. For the overall constant of relaxation of HF on DF, just
as in Ref. 18, 19, we took the expression kyr(DF) =1.3:1017/T1!.2 cm3/(mole-s).
Let us note that even though the HF level with v=4 ig not populated during
pumping, nevertheless it is difficult to account correctly for VV exchange

in HF without considering this level. This situation compels us to account
for no less than five vibrational levels of HF (v=0-4) in calculations of

a laser on the '"cold" reaction.

-
'

The energy characteristics of the HF laser with optical cavity were calculated
as usual on the basis of a quasi-steady state method. It was assumed that in
each fixed cross section along the flow, lasing in any of the investigated
bands v-+v-1 takes place only on a single vibrational-rotational transition
of the P-branch v, j,-1-v-1, j,. The rotational quantum number j. that
corresponds to this transition was selected from the condition of the maximum
gain in the given band as averaged over the period of the nozzle structure.

3. Equations of Gas Dynamics

The supersonic cw chemical HF laser facility (Fig. 1) includes a large number
of small plane-parallel nozzles with alternating jets of oxidizer (F) and
fuel (Hy), and therefore it can be assumed that the properties of the active
medium in the flat cavity vary periodically along the Z axis. This permits
us to calculate the stimulated emission for a single half-period hx (shaded
region on Fig. 1), and to take account of the total length L, of the active
medium in the threshold condition.

The general equations of a two-dimensional boundary layer are well known
[Ref. 21-23, and take the form
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Fig. 1. Simplified diagram of the HF diffusion laser: l--nozzle module;
2, 3--mirrorsg of the cavity
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where u and v are the components of flow velocity along the X and Z axes
respectively; p is the mass density of the mixture; p is pressure; h is
specific enthalpy; T is temperature; u, A and Dy are transfer coefficients,
Ci= pi/p is the relative mass concentration of the i-th component; the Wi
describe the processes of chemical, vibrational and radiative kinetics and
have a standard form (see for instance Ref. 17); W is the molecular weight
of the mixture.

It is assumed in the given equations that diffusion of the jnts is laminar.
It should be noted that when discharge conditions are close to the calculated
values, the flow region beyond the nozzle tips as a rule breaks down into
three subregions. In the immediate vicinity of the nozzle is a region of
laminar flow, which is followed by a transition section, and finally a
region of developed turbulence. Experiments show that at typical working
pressures of about 3-10 mm Hg and discharge velocities of 2-4 km/s there is
not enough time for the turbulent mode to develop in the laser zone (charac-
- teristic width Axp -~ 3-10 cm), and therefore accounting for turbulent effects
in the investigated cases should not appreciably change the results of the
calculations.
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Ad @ result of heat liberated in the flow, directed motion of the gas along
the X axls is accompanied by a tendency toward expansion in the transverse
directions Y and Z (see Fig. 1). Since the width L, along the Z axis is
rather large (of the order of 20-40 cm or more), the effects of expansion in
this direction can be ignored. At the same time, the helght Hy of the flow
in different nozzles fluctuates over wide limits, and under certain con-
ditions the degree of expansion of the gas in the direction of the Y axis
may be appreciable. Thus the gas flow in the cavity region, generally
speaking, should be treated as three-dimensional. However, in two limiting
cases that are investigated in practice, we can restrict ourselves to a
two-dimensional approach.

For instance if Ho>>2Ax;/M, where M is the Mach number at the nozzle tip,

- the transit time of the cavity is not sufficient for thermal perturbations
to propagate from the inner layers of the flow to the peripheral regions,
and gas expansion in the direction of the Y axis can be disregarded. In
this case the cross sectional area of the flow does not change (S(x) =const),
and the gas pressure along the X axis increases in proportion to the average

he
temperature of the mixture over the cross section: p~h:! y7ﬁk. The other
H

limiting case (Hg<<28x,/M) corresponds physically to free expansion of the

gas in the direction of the Y axis under the action of internal heat
liberation. 1In this case, the pressure of the mixture along the flow does

not change (p(x) =const), and the density of the mixture p decreases. For an
HF laser based on the '"cold" reaction with typical helium dilutions of the
mixture (from five- to fifteen-fold) these two flow regimes differ com-
paratively weakly in the energy sense because thermal effects in this instance
are still not too appreciable., For the sake of definiteness it was assumed

in the calculations that p(x) =const,

In the given situation, the usual equation of continuity for the mixture as

a whole [relation a)] cannot be used in the customary form since it does not
account for free expansion of the gas in the direction of the Y axis. It can
be shown that the true equation of continuity that satisfies the law of

mass conservation in integral form, in the '"quasi two-dimensional" approxi-
mation takes the form

Ta; (puly () - 1y (x)—(';z— (pv) = 0. 0

- The quantity Zy(x) =H(x) /Hy that characterizes the degree of expansion of
the gas along the Y axis is determined, generally speaking, by using the
integral law of mass conservation.

When integrating the boundary layer equations it is advisable as always to
convert from cartesian coordinates x, z to the variables &, y by using the
relations

= 9= (0 fouds. (@

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100070014-8



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100070014-8

FOR OFFICIAL USE ONLY

The boundary layer equations take a simpler form in the new variables.

1. The equation of continuity for individual components

-%c‘é‘—,, 1 (E) %(p‘uD,—%—%‘-) + u),/pu. (3)

where 1 =¥, H,, He, H, DF, HF(v) (v=0-4).

2. The equations of motion

; 9l
=@ (e ) 0
3. The equation of energy conservation
{; .
o= O (5 (pung) +ou 5 ( YewieD 5y )+ o (6)

[}
where cp, cpy are the respective specific heats of the mixture and the i-th
component at constant pressure.

4. The equation of state .
p=pRT/W=const. )

In a case like this, the complete equation of continuity (1) is satisfied
automatically, and equations (1), (2) and condition v(x,0) =v(x,h,) =0 imply

he
Yo = S‘Puly () dz = const.
0

In the case of the equations of continuity for individual vibrational levels
of HF molecules, we have for wyp(V) (v=0-4)

Wyy (U)=wxm| (v)"*';”pm (v},
[note: subscript xum=chemical, pan = radiative]

where R
wp.m (v)’_‘(WHI-'/NuhVHF) ngiT:u lvn.v - gg,,':_llu.u—l ]-

Wean (0)=p*Wyp| Quan (V) +Qyr (V)4+QLY (1)+QR) (V).

Here Wi is the molecular weight of the i-th component, g-‘j, -1 1s the local
gain of the active medium on vibrational-rotational transition v,j-1+v-1,3;
Iy,v-1 is emission intensity on the same transition; Qum(Vv) describes
chémical processes, and in particular pumping of the corresponding level,
Qyp(v) -- vibrational-translational relaxation of HF, and Q) (v) and Q) (v)

- vibrational-vibrational exchanges of HF-HF and HF-H, respectively.

In order to close the system of equations of continuity for Cyp(v) 1t is
necessary to assign the algorithm for calculating the emission intensities
Iy v-1 of individual bands, and also to introduce an equation for the
vibrational energy contained in the H, molecules (1. e. for the number of
vibrational quanta of H, per gram of the mixture):
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Py, Yy 7
— L) o ((' b, M‘)\T) Hwy, i, (7
where &y, - :Sixh“(upﬂv,“, and the term Wy, dccounts for VV' exchange of

v LI
HF-Hy, and VT relaxation of H, molecules.

Moreover, the quantity &T that appears in energy conservation equation (5)
can be represented in the following form (let us note that the radiation
term in wp can be eliminated as a result of simple transformations using
the equations of continuity for the individual components without regard to
the deficiency of HF rotational quanta [Ref. 20]):

, 2eerf Ol \2 ' .
wr = puu‘y(ﬁ)(%) —{(pu)- ’[Eh,wl 4- N.,hvn.wp;”. |
{
A (Nahvie/ Wyr) ‘\_: vtb,....(u)},
v

where hy =hg-+c iT is specific enthalpy, hg, hvy are the specific heat of
formation and tge energy of a vibrational quantum of the i-th component,
N, 1s Avagadro's number.

To determine the degree of expansion of the flow in the direction of the
Y axils, let us refer to the expression for b, Considering that Zy(x=0) =1,
we get h, 0, .
ly(8).- j potiodz/ | pudz = ps! V (Pottg/ pua)dip, (8)
b) 0 0

where np and up are the initial distributions of density and velocity of the
mixture at the outlet of the nozzle module.

The transfer coefficients that figure in equations (3)-(8) ~- the coefficient
of dynamic viscosity of a multicomponent mixture u and the effective coef-
ficients of diffusion of individual components Dy -- were determined from
Wilkey's formulas [Ref. 21, 24] that relate the effective transfer coef-
ficients Dj; and py for binary mixtures to those for the multicomponent
mixture (see also Ref. 13, 17). The temperature dependences of Djj and uy
are taken directly from Ref. 17. The coefficient of thermal conductivity A
was calculated in terms of u on the basis of gas-kinetic theory.

The boundary conditions for the investigated system of equations are based
on accounting for the periodicity of the flow structure. At y=0 and Uy
we have

Ou 0T % 1 0G|,

T R

The conditions at the outlet of the nozzle m dule, 1. e. where £=0, take
the form u=ug(¥); T=To(v); p=pg(¥); Cy=Ci (V).

Now let us briefly take up the question of calculating the intensities of
the individual bands Iv,v—l in the optical cavity in the boundary layer

7
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equation approximation [Ref, 5, 17]. As usual, we denote the threshold gain
in the cavity by g, L'In (ry,)%, where ry and 1y, are the reflectivities of
the mirrors. Knowing the local gain of the active medium (here we use the
generally accepted spectroscopic notation)

Gl (8 W=D, (&, 1) [Cyyp (0)—B,Cyp (v—1)], o
where

LN, Al Brot o s 0
Doy o e N2l (2 —Dexp [ == -1

p,_e.\'p(—-.g(;m'_ j),

we introduce the average gain with respect to the period of the structure
= Gé,v—lv setting

Gl e (B 295! ? #h, o dy.
0

Assuming that in the mode of steady-state lasing
G{m—l( E) = g

we differentiate this expression with respect to £ with consideration of
(9) and (3) to get a system of algebraic equations for determining emission
intensities I, 3. To simplify the calculations it is advisable to use
the fact that the quantities ¢,:, B and pu as compared with Wyym (V) and
wpap(v) are weakly dependent on the coordinates. Then with consideration of
tEe boundary conditions for CHF(V) we can represent the system of algebraic
equations for I, y-1 as follows (see also Ref. 17):

Lysyo—(1 ﬂ',p) Ih ot +p.iol""l' omg= —Fo, (10)
where

' *. M .
Fo(8) = (Nohvir!gaWurd,) S [@xym(v)— Byt xun (0—1)] i
H

v‘.
B =exp( = ”th ;); Tymr! | Tdy.
. 0

After determiﬂing the emission intensities of individual bands, calculation
of the energy characteristics of the HF laser presents no difficulties
[Ref. 12], and we will not discuss it.

System of equations (3)-(10) was solved by using a difference approximation
in a Crank-Nicholson scheme [Ref. 25-27]. A sweep method was used in
addition to the simple iteration procedure proposed in Ref. 25, 26 to resolve
the system of quasilinear algebraic equations for net-point functionms.
Simpson's method was used to calculate the integrals in relations (8), (10) .
Calculations by the described method were done on the BESM-6 computer. The
integration step with respect to the transverse coordinate was taken as

fixed (as a rule, 20 points were taken along ¥), and the step with respect

to the X axis was varied depending on the rate of kinetic processes. The
typical time for calculating one variant did not exceed 30-40 minutes.

8
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4. Results of the Calculations

Since the oxldizer stream at the nozzle module outlet contaius particles of
Fy, DF and He in addition to fluorine atoms, we introduce the following
parameters for unambiguous characterization of the composition of the flow
of oxtdlzer:

ap - B /(8r L 28e) Bue  2Ene/(8 1 2%). Por = 2Bor/(Er -+ 28,),

where £4 =Ny/N=W(Cy/W; are the relative concentrations of particles in the
oxidizer flow. Henceforth we will consider only the case of the "cold"
reaction laser, and will assume ap=1,

.y

The case with respect to which the parameters of the system were varied is
characterized by the following data:

lo.0-1, KW/ cm? a) pressure at the nozzle tip p=5 mm Hg,
length of the active medium Lp =20 cm,
half-width of the nozzle period h,=0.25 cm,
ratio of the widths of the individual jets
hy/hy =2, reflectivities of the mirrors
rg=0.98 and r,=0.75;

b) for the primary flow T; =275 K,
uy = 2.7 km/s, By, =10 and Bpp = 23

2 ¢ Y
c) for the secondary flow T, =120 K, -

Fig. 2. Distribution of the uz = 2.3 kn/s.

emission intensities of indi-
vidual bands along the lasing
zone in a flat cavity.

The distribution of emission intensities
Iv,v-—l within the active medium in the
lasing mode for the given case is shown
in Fig. 2. Let us note also that calculations imply that the most intense
lines in the emission spectrum correspond to transitions Py(5) and P(6)
for v=1, 2,

Variation of the width of a period of the nozzle structure. With an increase
in h, (i. e. with a reduction in the total number of jets at fixed Ly), the

by Z=lcr K Fig. 3. Transverse distributions
\ 751 600 8 of mass concentration of atomic
fluorine Cg (a, b) and tempera-
ture of the mixture T (¢, d) in
different cross sections along
the flow at h, =0.5 cm (a, c)

and 0.25 cm (b, d).

g as ey
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{ntermixing of reagents slows down and less and less atomic fluorine (and

he ce chemical power stored in the flow) has time to be used in the laser
zone, This 18 graphically confirmed by the results shown in Fig. 3. When
h,=0.25 cm (Fig. 3b, d), up to 80% of the fluorine available in the flow

s burned up in the lasing zone; when h, is doubled (Fig. 3a, ¢) the degree

_ of utilization of oxidizer drops to 30-35%. 1In such a situation, the output

energy characteristics of the H¥ laser (chemical efficiency Ny,m, specific
lager enerpy Eg and so forth) deteriorate noticeably with increasing h,

(rig. 4a).
Seam I N
a.‘Lf AS, ’;l‘-n
ﬂ.:'a '
. A —————
Wt e b aQr
’L L]
N T T I A R T N W
a (o]
{‘n- "‘;‘ W/cm2 '.‘nn /f'- w/cmz
0%: $00 oSt oon
f 4
224200 A 22} ‘
) win g S
L™ . =,
14 2 4 hyh; 0w s
p, mm Hg
b d

Fig. 4. Dependence of the energy characteristics of the HF laser on the
period of the structure h, (a), the ratio of the widths of the jets h;/h; (b),
_ the fuel temperature T, (c) and the pressure p in the cavity (d).

It should be noted that according to the given results the chemical efficiency
varies over a fairly wide range in approximate inverse proportion to the
width of the period of the structure, i. e. nkam"hzl. Attention should

also he called to the fact that the width of the lasing zone has a typical
dependence on h,. Fig. 4a shows that this dependence has an extramum. This
can be attributed to the fact that as h,+0 (i. e. at the limit of instan-
taneous mixing) the width of the laser zone is determined by the character-
istic length of the chemical reaction [Ref. 8, 12], which is usually short.
On the other hand under conditions of slow mixing (h, large) the chemical
pumping rate is low and the temperature of the mixture rises very slowly, and
therefore relaxation processes become more significant and the width of the
lasing zone again begins to decrease. Clearly the specific position of the
maximum on the curve for 8x,(h,) depends both on the pressure and on the
composition of the mixture as well as on its initial temperature.

Variation of the width of the jets. Variations of the ratio hj/h; while
the period h, = (h) +h3)/2 remains fixed at 0.25 cm are shown in Fig. 4b.
We note that the basic conclusions in this case as well differ but little
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from those of the preceding case. For instance as hy increases, the mass

flow of atomic fluorive and the reserve of chemical power (per sq. em of

crody sectlonal area of the nozzle), of course, increasej but in this case

- a smaller and smaller part of the fluorine available in the mixture has time
to react in the laser zone since the hydrogen in this case does not have time

- to peneirate into the oxidizer (diffusion of fluorine into the hydrogen
stream is less significant). At low hj the atomic fluorine is nearly totally
expended and the chemical efficiency of the laser increases noticeably;

. notwithstanding, the total power of stimulated emission still falls since

the stored power Py, falls off. At large hj/h,, the lasing power remains

practically unchanged over a fairly wide range of hj/hj.

Variation of initial fuel temperature. As the molecular hydrogen is heated
in the pay generator chamber the temperature at the nozzle tip can be varied
over & wide range. It would seem that for diffuse mixing one should expect
an improvement in the energy characteristics of a chemical laser with an

- increase in T, However, calculations show that in reality no such effect
is observed (Fig. 4c). This can apparently be attributed to the fact that
mixing of the reagents takes place chiefly as a consequence of diffusion of
H, into the oxidizer flow, and the rate of this process is determined pri-
marily by tlie temperature of the oxidizer stream and the thermal effect of
the reaction. It should be noted that analogous results have been found in
experimental investipation of the rate of mixing of fluorine with cold and
hot Hy [Ref. 28].

Pressure variation in the resonator cavity. An investigation of the way that
the energy parameters of a diffusion laser depend on prossure within the
framework of the quasi one-dimensional model gives the following results

The chemical efficiencv of an HF laser decreases with increasing p ("xum“llp)'
while the power of stimulated emission at low pressures first rises, and

then reaches saturation and ceases to change [Ref. 8, 10, 12, 20]. A more
exact anilysis based on boundary layer equations shaws that *he actual
dependence of energy characteristics on pressure should nevertheless be
somewhat different (Fig. 4d). For instance chemical efficiency with rising
pressure decreases (under typical conditions) somewhat more rapidly than in
the quasi one-dimensional model, while the lasing power, after reaching an
extremum, then begins, penerally speaking, to fall off. We can readily see
that these results are fntimately related to the influence that thermal
effects have on the process of mixing of reagents. With deterioration of
mixing conditions (with increasing p), there is naturally a reduction in

the rate of heat release in the flow, and other things being equal the rise
in temperature of the mixture slows down. Since the diffusion coefficients
Pi depend noticeably on temperature, this circumstance is what leads to the
observed effect. (Let us note that a temperature rise also leads to a
reduction in the rate of relaxation of HF molecules on HF and DF.)

This analysis implies that with an increase in the initial temperature of
the mixture (primarily T;) the pressure dependence of the output power should
be weaker. Finally, in the case of considerable dilution of the mixture with
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helium (when the part played by thermal effects 18 practlcally insignificant)
the relation P.(p) should have approximately the same form as in the quasi
one-dimeneionaf model.

4

"

- £g, kJ/g
()

#llﬂ
.

Variation of the length of the active medium.
Usually selection of the total width L, of the
nozzle module is dictated chiefly by the power
that is to be provided by the faciiity being
designed. Under these conditions it is im-
portant that with increasing L, up to about 0.6 m

] A a noticeable improvement can be seen in the
0 W 80 LN specific energy characteristics of the HF laser
a (Fig. 5a). The increase of effictency in this
Teun case is due to the reduction of the lasing
215 threshold in the cavity and to the increase of
’ emission density in the active medium. The
dm[\ latter leads to a more significant role played
205 by collisional deactivation of HF molecules

0 o2 ot 05 & with conversion of a greater part of the

b vibrational energy to radiation. It should be
noted that the emission density in the active
medium increases practically in proportion to
Ly, and therefore the loads on the mirrors
become very heavy at large Lg.

Fig. 5. Dependence of the
energy characteristics of
the laser on total width
of the nozzle module Ly (a)
and the transmissivity tp,
of the output mirror (b)

Let us also say a few words about the influence
of a number of other parameters on the energy
characteristics af the cw HF laser.

The dependence of efficiency on the transmissivity of the output mirror ¢y

hag the usual form (Fig. 5b, absorption in the mirrors was taken as

ag =ap, =0.02 in the calculations). Nevertheless, consideration should be
given to the fact that over a fairly wide range of t; from about 0.1 to 0.3
the chemical efficiency varies weakly. This circumstance can be utilized to
reduce radiant loads on the mirrors, since the radiation density in the cavity
drops sharply with increasing ti,.

As a rule, an increase in the temperature of the oxidizer flow T) over a
range of about 200-400 K has a favorable influence on the output parameters
of the HF laser, leading to increased efficiency. Nonetheless, of greater
importance is the fact that with increasing T, the output characteristics
become less critical to pressure in the cavity, enabling operation in the
high-pressure region. As has already been noted, the main reason for such

an improvement in the HF laser characteristics is associated on the one hand
with an increase in mixing rate, and on the other hand with a reduction in
the rate of collisional deactivation of HF. Besides, at high temperatures of
the mixture, lasing takes place on vibrational-translational transitions that
correspond to higher values of the rotational quantum number. And it is
known that this may also be conducive to increased efficiency [Ref. 18].
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In conclusion let us note the following, In our research major emphasis has
been placed on the most fundamental problems relating to optimization of the
operation of a diffusion laser. 1In this connection, effects relating to the
presence of boundary layers on the nozzle walls have been totally left out
of consideration. Of course such effects lead to a reduction in the energy
characteristics of the system, and this must ue taken into consideration.
Since adequate calculation of the system in its entirety, including the
nozzle module, is very cumbersome, in a real situation it is advisable to
carry out such a calculation in two stages. This pives a more or less
complete picture of the gasdynamic parameters at the outlet from the nozzle
module, that can be easily takea into consideration in subsequent calculation
of the energy characteristics of a cw HF laser.
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PHYSICS

uUnc 535.375

INFLUENCE THAT SOME EMISSTON PARAMETERS HAVE ON PUMPING WAVEFRONT REVERSAL
IN A '"BRILLOUIN' MIRROR

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 4(82), Apr 79 pp 765-771

[Article by N. G. Basov, V. F. Yefimkov, I. G. Zubarev, A, V. Kotov,
A. B. Mironov, S. I. Mikhaylov and M. G. Smirnov, Physics Institute
imeni P. N. Lebedev, Academy of Sciences USSR, Moscow]

[Text] An investigation is made of the influence that
geometric, time and polarization characteristics of stimu-
lating emission have on conditions of wavefront reversal
(WFR) that accompanies stimulated Mandelstam-Brillouin
scattering in various media. 1In a laser-amplifier
arrangement almost total compensation is achieved for
phase distortions of the laser signal that are introduced
by amplifier elements. The output energy of the light
beam in this case was 3 J, diameter 4 mm, divergence

0.3 mrad (diffraction divergence). The results of the
experiments show the feasibility of practical application
of WFR in high-power multichannel laser facilities.

1. At the present time there is a fairly widespread discussion in the litera-
ture concerning utilization of the WFR effect [Ref. 1-3] to compensate for
static and dynamic inhomogeneities of the index of refraction in active
media, as well as inaccuracies in alignment of elements in cascades of
high-power optical amplifiers. The optimism of authors of some papers

[Ref. 2, 3] is based on the results of successfully conducted experiments

in WFR of ruby laser emission [Ref. 1, 2] with reflection from a "Brillouin"
mirror. At the same time, in the actual circuits of powerful amplifiers the
emission parameters may differ strongly from those used ia demonstration
experiments, which may appreciably disrupt the conditions of WFR (in particu-
lar our preliminary experiments on a high-power laser facility with a short
(about 3 ns) pulse did not give unambiguous results). 1In our opinion, such
significant differences include: 1) another active medium for lasers and
amplifiers -~ as a rule neodymium glass and the appreciable depolarization
of radiation associated with the use of neodymium glass as the emission
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passes through the amplification stages [Ref. 4]; 2) the unsteady nature of
the process of stimulated Mandelstam-Brillouin scattering when pulses with
duration t & Tph are used (Tph is the lifetime of an acoustic phonon); 3) the
unsteadiness due to the effect of group delay of interacting fields when 7 is
of the order of L/c or less (L is the length of the cell); 4) strong satu-
ration of amplifiers with reverse travel of the reflected pulse; 5) the use
of multichannel amplifier circuits.

This paper is devoted to the experimental study of the influence that some of
the above-mentioned factors have on the WFR process.

2: The experimental facility is shown in the diagram of Fig., 1. A pulse from
muster laser 1 passes through a two-power telescope and a Faraday decoupler,
and is directed by a mirror and glass plate 6 to optical amplifier 7. The

Fig. 1. Diagram of the experimental facility: 1--master laser; 2--two-
power telescope; 3--Faraday decoupler; 4--attenuating filters; 5--diaphragms
with diameter of 3-4 mm; 6~-glass plate; 7--amplifier; 8--wedge; 9--systems
for stimulating Mandelstam-Brillouin scattering; 10--calorimeters; 1ll--
complex for measuring emission divergence; 12--camera '

amplified radiation is used for pumping in "Brillouin" cell 9. After reverse
travel through the amplifier, the reflected signal was coupled out of the
system through plate 6.

The master laser was a standard neodymium glass unit with passive Q-switching
and mode selection that operated under conditions close to single-mode

- lasing. The energy of the pulse introduced into the amplifier was from
0.1 to 5 mJ and was varied by filters. The duration of the pulse at half-
height was about 25 ns when the spectral width Av was of the order of
0.005 cm™! or less. The amplifier consisted of two stages with total weak-
signal amplification of 50-100. Depolarization of emission as the signal
traveled through the amplification stages did not occur as the beam being
amplified traveled along the axis of the amplifier rods, and its size
(dp = 3-4 mn depending on the diameter of the output diaphragm) was much
smaller than the diameter of the rods (dy =14 mm). WFR was achieved by using
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clther a system with focuging of pumping Into the actlve medium of "Beilloutn”
cell Y 1y or o uystem with a Tlght gutde 9 11 (Mg, 1)y The actlive medlum

In our experiments was acetone, CCl,, gaseous St at a pressure of 22 atm,

and K-8 glass in the system with focusing, and methane at a pressure of

150 atm and also carbon disulfide in the arrangement with the light guide,

The recording system provided for simultaneous mezsurement of the polar
patterns of the radiation incident on and reflected from the "Brillouin'
cell, the radiation of the master laser, and the radiation coupled out of
the system. The corresponding energles were calorimetrically recorded.

In addition, the intensity distribution of the output radlation was photo-
graphically recorded on 1-1070 £ilm at point 12 coupled to the output dia-
phragm of the master laser. Divergence was measured by a self-calibration
method using mirror wedges and lenses with f=2 m., The intensity distribu-
tiong {n the focal planes were photographed on 1~1070 film. The reversal
parameter -- the ratio of the reflected energy contained in an angle equal
to the angle of divergence of the radiation incident on the cell, to the
energy of the reflected signal incident on the aperture of the amplifier --
was determined by integrating the corresponding angular distributions of
intensities in the incident and reflected signals. This parameter is a con-
venient quantity for characterizing the quality of WFR conditions.

The objects distorting the phase structure of the pumping wave in our ex-
periments were: glass phase plates made by etching standard photographic
plates in hydrofluoric acid (etching time 0.5-10 minutes), ruby rods of low
optical quality, and also artificial turbulence of the atmosphere. Turbulence
was set up by an ascending stream of hot air from a nichrome coil heated to
about 700°C with a length of 100 cm, which was stretched out 10 cm below

the axis of the pumping beam emanating from the amplifier. By using various
phase-distorting objects and combinations, it was possible to change the
"gray" divergence of the pumping radiation introduced into the Brillouin

cell from 0.5 to 30 mrad (measured with respect to half-intensity level).

Fig. 2. Angular distribution of
radiation after passing through
phase-distorting objects: a, b--
etched plate; c--artificial tur-
bulence of the atmosphere; d--
ruby rod
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Fig. 3. Radiation patterns of
y |t input (broken line) and output

' (solid line) emission at the
. input to the amplifier (a), the
output from the system (c), the
input (b) and the output (d)
from the cell with active medium
with total reversal (a, b) and
with incomplete reversal and
strong saturation of the amplifier

st

T el N S L
<3 Tae 0 Taa o Tow 0 ek (e, &)
8, mrad 6, mrad

Shown in Fig. 2 as an example are photographs of the angular distribution of
single-mode emission of a helium-neon laser (A =632.8 nm) after passing
through some of the phase-distorting objects used in the experiment.

3. Shown in Fig. 3 are the radiation patterns of emission at the input to
the amplifier and at the output from the system, as well as the emission
incident on the cell and reflected from it. The system used for producing
WFR was a 1light guide consisting of a glass tube 70 mm long with inside
diameter of 3 mm filled with carbon disulfide. An image of the part of the
phase plate illuminated by pumping was focused on the input end of the light
guide by a lens with £=20 cm. The phase plate increased the pumping
divergence to 6 =15 mrad. We can see that the amplifier has a certain
detrimental influence on the divergence of the input signal close to the
diffraction value, but this effect is canceled out in reverse travel. This
shows that the reflected wave is reversed with respect to the pumping wave,
i. e. the relation Epef = constEf,. is satisfied.

If the amplifier was operated in complete saturation, the unreversed com-
ponent in the reflected signal, having a considerably broader polar pattern,
traveled through sections of the amplifier rods with undepopulated inversion,
and was amplified considerably better than the reversed component. This led
to the occurrence of typical wings in the radiation pattern of the output
signal if the intensity of the unreversed component was more than 1% of the
intensity of the entire reflected signal. Fig. 3c, d illustrate just such a
case: the unreversed component of the reflected signal canmot be seen on
the radiation pattern of the emission emanating from the cell; however,
because of strong saturation of the amplifier, effective "pulling" of the
unreversed component takes place with respect to the reversed component.
This negative effect can be easily eliminated in practice if the input
aperture of the amplifier is matched to the diameter of the pumping beam.
However, in our case this effect gave us an opportunity to increase the
accuracy of determining the reversal parameter in the signal reflected from
the cell. Depending on the phase-distorting object that was used, the
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reversal parameter was 0.2-0.4 when the "gray" pumping divergence wag 0.5-3
mrad, and fncreased to near unity for diverpences of the order of 10 mrad

or more, which agrees qualitatively with theoretical data [Ref. 5-7]. 1In
experiments on wavefront reversal with Focusing of pumning into the
"Brillouin" cell, we were unable to observe any correlation of this kind
between the gray divergence (within the range of our experiments 8,/04 5 100)
and the reversal parameter (disruption of WFR at a "gray" divergence of

0 ~'1030d was observed in Ref. 8). After passing through the phase-distorting
ogject, the initiating radiation was focused by a lens with a focal length of
10-15 cm into a cell 40 cm long filled with acetone or CCl,. A typical
peculiarity of the given mode of operation is that in the case of a space-
limited angular pumping spectrum the reversal parameter was 0.6-0.9, while

it fell off in the presence of wings to 0.1-0.3, This can be attributed to
an increase in the transverse inhomogeneity of amplification at th. focal
pinch of the pumping beam in the second case [Ref. 8].

Another important characteristic of WFR

a d g along with the reversal parameter is the
i~ S I dimensions of the beam of reflected radia-
! ‘ o tion; in realization of the reversal

effect, these dimensions must coincide in
. - any cross scction with those of the beam

2 ° W ." of initiating radiation. Shown in Fig. 4
e ] are photographs of the distribution of

intensity of the reflected radiation after

3 'ii | € reverse travel of the amplification rods
Aran e . at a point in the plane of th: output
diaphragm of the master laser. Frame la
4 m B | o corresponds to reflection from a "Brillouin"
; 4] §!‘ cell in the WFR mode; it can be seen that

the beam dimensions coincide with those of
the output diaphragm (dy=4 mm); frame 1b
corresponds to reflection from an ordinary
mirror placed in the location of the cell,

gl

Fig. 4. Intensity distribu-

tion in the plane of the output and frame lc -- to reflection from an
0 € pidn p ordinary mirror with a phase platc in
diaphragm of the master laser front of it

As we pointed out above, the "gray" divergence of pumping within the investi-
gated limits has little influence on WFR in the version with focusing, and

in particular one can convert to WFR even without predistortion of the wave-
front of the initiating radiation. The WFR effect is observed for small
values of intensity excess over pumping thresholds (Fig. 4, frame 2a), and
gradually deteriorates as the intensity of the stimulating emission rises
(Fig. 4, frames 2b, c). Let us note here that initially there is a halt to
compensation of the astigmatism of the pumping beam due to focusing of the
radiation into a cell with beveled windows. The reversal parameter was ~1
when focusing was done with short-focus lenses with f =8-20 cm, and decreased
with increasing f to 50-100 cm.
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Tn the experiments described above, the scattering process was close to
steady-state: for instance for CCly tpylge ™ Tgettling ™ Trigel/2 = 15-20 ns,
where I' 18 the gain increment., Therefore to determine the influence that
scattering unsteadiness has on WFR conditions the gases that we used as the
active media were SFg at p=22 atm (7,4 ,~20 ns) in the version with focused
pumping, and methane at p=150 atm (Tpqg, ~ 17 ns) in the version with scatter-
ing in a light guide. For these gases, the scattering conditions were quite
unsteady: Tpulse VlOTsettling' No deterioration of the WFR mode was
observed.

It has been shown theoretically [Ref. 9] and experimentally [Ref. 10] that
depolarization of initiating radiation leads to disruption of the wavefront
reversal in a light guide. We investigated the influence that depolarization
has on WFR in the arrangement with focusing of pumping. Used as the phase-
distorting objects were ruby rods of poor optical quality (see for example
Fig. 2d). At first the ruby rod was oriented with respect to the pumping
polarization vector in such a way as to preclude polarization. When the
emission emanating from the rod was focused into a cell with acetone, wave-
front reversal was realized (Fig. 4, frame 3a). Then the ruby rod was turned
about the longitudinal axis through 45°. When this was done, the state of
polarization of the radiation at the output from the rod was strongly in-
homogeneous over the cross section of the beam (the characteristic size of
the inhomogeneity was about 0.5 mm). About 50% of the energy of the entire
beam was contained integrally in each of two mutually perpendicular directions
of the polarization vector. Shown in Fig., 4 (frames 3b, c) are photographs
of the distribution of intensity of the output emission, frame 3c correspond-

* ing to a ruby rod of poorer optical quality than frame 3b. It can readily
be seen that WFR conditions are sharply deteriorated with scattering of
depolarized radiation in a "Brillouin" cell and in an arrangement with
focusing of pumping.

In realizing WFR in a focused beam without predistortion of the phase struc-
ture of the initiating radiation, an appreciable part may be played by break-
down of the active medium in the cell due to the high intensities of the
radiation in the focal pinch. In the given experiments the pumping radiation
was focused by a lens with f=13 cm into K-8 glass rods 6 cm long. When the
pumping energy was changed from the breakdown threshold Ep,. to the threshold
energy Ey, of the stimulated Mandelstam-Brillouin scattering process, fracture
traces 2-4 cmlongwere observed in the glass after passage of the laser pulse.
When pumping exceeded the Mandelstam-Brillouin scattering threshold, the WFR
process was observed (see Fig. 4, frame 4a). A further increase in pumping
energy led to deterioration of WFR, which is apparently due to the fact that
fractures in the active medium began to arise directly during the laser pulse
(Fig. 4, frames 4b, c).

WFR of a multichannel beam may also have its own peculiarities due to the
arbitrariness of the absolute phases of reflected signals. Shown in Fig. 5 is
a setup that enabled us to simulate two-channel amplifier operation: the
pumping beam was broken down into two parallel beams that were guided to the
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Fig. 5. Setup for studying WFR with multichannel excitation. Below are the
distributions in the near zone for different modes of excitation of Mandelstam
Brillouin scattering: one of the beams incident on the cell blocked (a);

a glass wedge introduced into one of the beams (b); both beams focused in

one place (¢).

cell with the active medium upon passing through the phase plate. If both
beams were focused onto the same spot of the cell, the phase structure of

= the pumping wave was reconstructed during reverse passage (Fig. 5 ¢). Inde-
pendent scattering of the parallel channels in the cell could be realized
[ ] by introducing an optical wedge into one channel. Then the reflected beams

at the output of the splitting prism were incoherently added since their
phases were not related. As a result, the structure of the intensity distri-
bution of the output signal snd also its radiation pattern varied from pulse
to pulse depending on the realization of specific phase relations in the
beams (see Fig. 5b). On the other hand when one of the beams was blocked
(Fig. 5a) the divergence of the reflected radiation was twice that of the
pumping divergence. This shows that insertion of amplitude distortions in
the wave of initiating radiation is detrimental to reversal conditions.

4. The results of our experiments lead to the following conclusions.

a) Wavefront reversal permits effective compensation for the phase dis-
tortions of the master laser signal with reverse travel through the elements
of the optical system. For instance in our experiments WFR was used to get
a pulse with energy of about 3 J, duration of about 25 ns, beam diameter of
about 4 mm and diffraction divergence (0.3 mrad).

b) It is experimentally found that the time unsteadiness of scattering with
a change of "gray" divergence from 0.5 to 30 mrad has no effect on WFR
conditions when T,1562 AOTsettling'

¢) It is established that depolarization of initiating radiation is detri-
mental to WFR in standard systems (having in mind a system with focusing
and a system with a light guide). In Ref. 10 we proposed and realized a
system that gives wavefront reversal of depolarized radiation.

d) It is shown that to get diffraction divergence of the output radiation
when the beam incident on the cell is split into two beams, it 1s necessary
that these beams interfere in a "Brillouin" cell. This gives hope for
coherent addition of the beams of multichannel systems.
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- PHYSICS

UDC 621.378.33
A CLOSED-CYCLE CW ELECTRON-BEAM-CONTROLLED CO, LASER
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 4(82), Apr 79 pp 772-781

[Article by N. G. Basov, I. K. Babayev, V. A. Danilychev, M. D. Mikhaylov,
V. K. Orlov, V. V. Savel'yev, V. G. Son and N. V. Cheburkin]

[Text] A cw electron-beam-controlled CO, laser is de-
veloped with regeneration of the gas mixture. The design
gives emission on a wavelength of 10.6 um with power of
10 kW and total efficiency of the instpllation of around
5%. The paper gives the results of an experimental study
of the energy characteristics of a semi-self-maintained
discharge in a C0,-Np-He-Xe-CO gas mixture under various
combustion conditions. It is established that adding
small amounts (about 1% by volume) of the gases Xe and

CO to the gas mixture appreciably increases the limiting
power of the semi-self-maintained discharge (by 30-50%),
and correspondingly increases the lasing power and the
efficiency of the installation. An analysis is made of
the way that the output power of the laser depends on the
pumping power, pressure, composition and flowrate of the
gas mixture.

At the present time the electroionization method is one of the most promising
for excitation of large volumes of dense active media 1n gas lasers in pulse
[Ref. 1-4], quasi-cw [Ref. 6, 20] and cw [Ref. 5-7] modes of operation.

The solution of many scientific and technical problems (ranging and direction
finding, communications, initiation of chemical reactions, machining and so

forth) requires closed-cycle CO; lasers with high average power that 1s stable
over a long period. Ref. 6 gives a brief description and the major character-
istics of an electron-beam-controlled CO, laser (CO,-EBL) with a closed cycle,
and investigates the particulars of the semi-self-maintained discharge process
at low electron beam densities under conditions of a closed gasdynamic loop.

An increase in the discharge volume as well as a number of design improvements
have raised the output power and enabled prolonged stable operation of the
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laser, 'This paper gives the principal results of an investipation of the
characteristics of the first Soviet clesed cyele ew COp=EBL.

> e

7 ~_
78y

\\ /l
A J

Fig. 1. Diagram of electron-beam=-controlled laser

1. ‘The CO,-EBL (Fig. 1) consists of electron gun 1, discharge chamber 2,
optical cavity 3, gasdynamic loop 4, electronic power supply systems and
gas supply and evacuation systems (not shown in Fig., 1).

Triode electron gun 1 with beam size of 18 x 100 cm had straight-channel
cathode 5 made up of eight tungsten filaments connected in parallel to a
heater source. The accelerating voltage across the cathode of the gun was
continuously controlled from 0 to 250 kV. Fluctuations of the cathode supply
voltage did not exceed 2%, and pulsations of the accelerating voltage of the
gun =- 5%. The residual pressure in the volume of gun 1 was maintained on

a level of 2¢10~° mm Hg. The electron beam was coupled into the discharge
chamber through cooled aluminum foil 6 with thickness of 30 ym. The electron
current was continuously controlled by varying the heater power for the
tungsten filaments. The maximum density of electron current through the

foil was 70 pA/cm?, and the current density in the plane of the cathode of
the discharge chamber was 10 pA/cm?.

Nonuniformity c¢f the current density of the central zone of the electron
beam in the anode plane of the discharge chamber did not exceed 15Z. When
the accelerating voltage was changed from 210 to 120 kV, a 40X drop in the
current density was observed in the anode plane of the discharge chamber.
Stable continuous operation of the gun on a power level of 15 kW for several
hours could be maintained by cooling the cathode and anode-foil units of the
beam in combination with careful break-in conditioning.

The discharge cathode 7 was a cooled copper grid with geometric transparency
of 707 located at a distance of 2 cm from the foil of the gun. Water-cooled
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anode 8 wan made up of two copper plates with a specially treated surface,

A DG voltage of up to 5 kV with fluctuations not exceeding 5% was applied

to the anode. The walls of the discharpe chamber were shielded by dielectric
plates. The distance between cathode and anode was 10 ecm, the length of the
discharge space along the optical axis was 100 em, and the width along the
flow wus 20 cm.,

Closed gasdynamic loop 4 was used to set up a uniform flow of the gas mixture
through the discharge chamber. ‘The parameters of the gasdynamic loop were
caleulated by conventional teehniques [Ref. 17,18]. ‘'the gasdynamic loop
included a centrifugal blower unit 10, water heat exchanger 11, regenerator
12, nozzle 13, exit cone 14, vibration couplings 15, and elements to direct
and smooth out the velueity profile of the gas flow 9 (grids, cells). ‘'he
rate of flow of the gas mixture through the discharge space was continuously
regulated from 0 to 90 m/s by changing the rpm of the blower.

Nonuniformity of the field of velocities in the core of the flow was no worse
then 10%, During electrical discharpge in the discharge chamber the tempera-
ture at the chamber inlet increased trom 20 to 40°C, and the flowrate remained
practically unchanged. Catalytic regenerator 12 was used to maintain a stable
level of stimulated emission without renewal of the gas mixture in the gas=-
dynamic channel.

To increase the coefficient of utilization of the active medium, a three=-pass
unstable telescopic cavity was used with magnification of M=1.,3 composed of
cooled copper mirrors. ‘The overall length of the cavity was 5.42 m, and the
radii [of curvature] of the convex and concave mirrors were 36 and 47 m
respectively., The mirrors of the cavity were shifted 5 cm downstream relative
to the electrodes of the discharge chamber. Special steps were taken to
protect the mirrors from vibration of the elements of the loop. The laser
enission was coupled out through a thermally stabilized NaCl window.

The directions of gas flow (arrow on Fig. 1), discharge field strength and

the optical axis of the cavity resonator are mutually orthogonal. Emission
power was recorded by a flow-through bolometer with signal registration by

a loop oscilloscope. A standard calorimetric instrument was used for absolute
calibration.

A central control panel was used to keep track of the working parameters of
the individual subassemblies and to control the operation of the facility.

2., A semi-self-maintained discharge was struck in gas mixtures comprised
mainly of CO,, N; and He. The initial oxygen concentration did not exceed
0.1Z. Under conditions of low electron-beam current densities, the power
released in the cathode and anode zones is a significant fraction of the total
electric power of the discharge. At pressures of about 50 mm Hg and “fast"
electron current density j, of the order of 10 pA/cm? or less, the anode-
cathode potential drop is 20-30%7 of the total applied voltage, and hence

the same ratio holds for the electric powers throughout the discharge and
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anode-cathode zones. Typiecal current-voltage curves of a semi-self-maintained
discharge are shown in Fig. 2,

Pa1y kW
(E/p)+10, V/(cmemm Hg) dps mA/em?
= Ugas kV
Ja=6.6 pA/em? 1 (]

0T T w
’
Fig. 2. Current-voltage character- Fig. 3. Curves for discharge current

istics of a semi-self-maintained density jp (s014d 1lines), anode-cathode
discharge in a mixture of potential drop U,. (broken lines),
CO»:Np: HesXewm1:28:15:1 at a electric power outside of the anode~
pressure of p=46 mm Hg; flowrate cathode zones P4y (dot-and-dash lines)
v=90 m/s, beam accelerating and the ratio 27p (dotted lines) as

voltage Uy =190 kV. functions of the current density of
"fast" electrons for mixtures:
CO3:Np:He:Xe = 1:28:16:0 (1) and
1:28:16:0.6 (2); Up =180 kv, v=90 m/s,
p=50 mm Hg

As a rule, the discharge current depended on the discharge voltage linearly
at discharge current densities of at least 3-5 mA/cm?, This enabled us to
determine the anode-cathode potential drops by extrapolating the straight
section of the current-voltage curve until it intersected the voltage axis.
Direct determination of the voltage on the cathode layer gives a drop in this
voltage as the discharge current density increases [Ref. 8]. However the drop
is low (of the order of 100 V or less) practically throughout the entire
region of discharge parameters typical for our experiments. This is con~
firmed by measurements of the anode-cathode potential drop on a model of the
given facility using the method of varying the anode-cathode distance while
maintaining other gas-discharge conditions [Ref. 6]. The values of the
cathode potential drop found in this way are practically independent of the
discharge current density and correspond within 10X to the simple graphic
method of extrapolation. If the current-voltage characteristics had not

been linear, and a power-law relation had held between the discharge current
and the discharge voltage, the cathode potential drop could have been de-
termined from the break in the current-voltage characteristic plotted in
double logarithmic coordinates.
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Shown In Flg. 3 s the cathode drop In potential asa a function of the current
density of "fast" electrons., With Increasling electron current, the cathode
potential drop decreases both in gas mixtures and in pure nitrogen. At the
dame time there 18 a reduction in the limiting discharge voltage at which

= a gemi-gelf-maintained discharge is converted to an arc discharge. However,
the total power and the discharge power outside of the cathode zona increase,
as 1llustrated by Fig. 3. 1In this connectien, the reduction in the cathode
potentlal drop tends toward a constant value.

According to data of Ref. 5, the limiting energy input also saturates as the
"faut" electron current increases. Thus it is advisable to use an external
lonlzer with current density of more than 20-30 pA/cm? even at pressures of
about 200 mm Hg. Reduetion of the external {onizer current to the optimum
level leads to lower thermal loads on the extraction foil, a reduction in
electron beam power, an increase in the overall efficiency of the laser
facility and a reduction of accompanying x-ray emission.

For these reasons, current densities of the external lonizer of no more than

7 uA/cm? were used in the plane of the cathode of the discharge chamber, Let

us note that at such a gun current density the energy input to the gas mixture
is about 0.015 J/em®, This 1s only 20% below the energy input to the nitrogen
and corresponds to the energy inputs to the gas mixture that are realized

in digcharge chambers of much smaller dimensions [Ref. 5].

Tt can be seen from Fig. 3 that doping the working mixture with up to 1% Xe
when the current density of "fast' electrons is 1-2 pA/cm? enables a 40%
reduction in the cathode voltage drop. This is most likely attributable to

an increase in the total ionization cross section in the cathode zone., 1t

is known that the lonization cross section of Xe in the region of electron
energies from the ionization threshold to 100 eV is several times greater than
the ionization cross section of CO;, N, and He [Ref. 9]. As implied by the
approximate theory of the cathode layer, the voltage drop near the cathode is
inversely propori inal to the total ionization cross section [Ref. 14, 15].

[t has been established visually and phcotegraphi .ii, tlai (. 2athode layer
is not homogeneous, .ut has a spotty structure. With an increase in discharge
current there is an increase in the number of spots, and hence in the area of
the plasma cathode. This fact is also noted in Ref. 8. By analogy with a
self-maintained discharge, the increase in area of the plasma cathode as the
discharge current rises, and the constant value of the anode~-cathode potential
drop over a broad range of discharge currents can be attributed to the exis-
tence of some constant "normal" current density for the given mixture and
cathode material. 1In this connection, the beam of "fast'" electrons ensures
more or less uniform distribution of cathode spots over the cathode surface.

Let us also note that at "fast" electron current densities jo of less than

3 uA/cm?, fairly strong degendence of Uy on jg is observed (Fiz. 3); at je
of the order of 7-10 pA/cm® or more, U, is practically independent of je.

Moreover, U,. increases nearly linearly with increasing gas pressure.
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1L iy known that the thickness of the cathode layer {8 a few Debye lengths.
If the thlckness of the layer is less than the mean free path of an electron
determined by inelastic losses of energy in exciting vibrational and elee-
tronic degrees of freedom of moleecules of Ny, €Oy, ete., an electron in the
cathode Fleld may acquive energy corresponding to the maximum value of the
fonization function. If this is not the case, only a small fraetion of the
electrons emerging from the cathode will be able to acquire such energy, and
a plasma cathode may not even arise at all, The ratio of the Debye length to
the mean Free path of an electron characterizes the energy losses of the
electron in the cathode layer, and hence the cathode potential drop:

Vg ~ rgh~) ~ 0gN33%, (1)

where uj is the effective cross section of inelastic collisions of an electron

- without consideration of ionization, em?; N is the total number of particles,
em™3, Je 18 the current density of high-energy electrons, rg is the Debye
radius in cm; A is the mean free path, cm. Comparison with experimental data
shows that relation (1) gives a qualitatively correct description of processes
that take place in the cathode layer.

Let us also note that preceding the transition from a semi-self-maintained
dfscharge to an arc, "spurts" appear on the cathode, streaming from individual
cathode spots. fThe "spurts" do not cover the discharge gap, but apparently
lead to an increase in discharge intensity in the zone of action due to the
high conductivity of the plasma formed by ionized cathode metal vapor.

3. The dependence of discharge current density on "fast' electron current
density (Fig. 3) is determined by process of ion-ion and electron-ion re-
combination, sticking and detachment of electrons. Estimates show that for
the discharge conditions corresponding to Fig. 3, electron-ion recombination
takes place with a constant k,y close to 5:10~Y cm3/s, while sticking of elec-
trons to CO, molecules is characterized by a constant kg near 10~!3 em3/s.

In collisions of €O, with electrons, dissociation of CO, also occurs with a
constant of kq near 10711-16"12 cm3/s, resulting in accumulation of 0, CO and
nitrogen oxides in the closed cycle. This leads to a change in time of both
the discharge and lasing characteristics of the CO; laser.

In mixtures that contain CO,, O, and nitrogen oxides, there is a reduction
in discharge current as compared with the value determined by electron-ion
recombination because of the appearance of negative fons in the reactions

(Oqb0=» 0O 0", (2)

0,+¢—+0-: 0", (3)

(,(),—}-0'-.‘—.\\-» Oy M\, %)

N O dedM-e N O M, (5)
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A8 shown In Ref. 10, the concentration of negative lons in the gas flowlng
through a discharge gap of about 1 em at a rate of 100 m/s may reach valuesn
comparable to the electron coneetitration.

The use of a eatalytice regenerator in which product pases 0» and €0 are
combined into carbon dioxide gives stable digcharge characteristies, 'his
1s shown In Fig. 4 which gives the change in voltage-power characteristics
of a discharge with elapsed time and stabilization of these characteristies
when a catalytie regenerator {s included.

As demonstrated in Ref, 11, the plasma

Pep» rel. un, conductivity can be inereased by adding

gl CO that promotes destruction of negative
ions in the reactions
25 0= £CO-+ COg4-e, (6)
CO3+-CO=» 20042, ("

e For instance adding carbon monoxide in

an amount of 0.5-1.5 mm Hg tn a mixture

of COp:NytHe=1:30:15 mm Hg Increases
conductivity with an operating regenerator
by 20-30%. The cathode drop in this case
It should be noted that

0 v 7y, kv

Fig. 4. Voltage-power character=
istics of a semi-gself-maintained
discharge in a gas mixture of
CO~, N», He and Xe: 1-~initial,
2--after 10 minutes of operation
with two arc, 3--after 15 minutes
of operation with seven arcs

does not change.
the addition of CO to a gas mixture that
contains a few percent of oxygen may
nearly double conductivity., Besides,
when a catalytic regenerator is in oper-
ation there will be a reduction in the
amount of oxypgen in the mixture to the
point of total disapnearance for the

corresponding concentrations of 5 and CO.

The presence of 1-5% Xe in the gas mixture not only reduces the cathode
potential drop, but also leads to an increase of discharge current and

maximum power inputs as shown in Fig. 2 and 3.

A considerable change of

pl.sma conductivity is observed only when Xe is added in amounts of less than

1% of the total pressure of the mixture.

A further increase in the partial

pressure of Xe to 51 only weakly increases the plasma conductivity, while
the limiting voltage of the semi-self-maintained discharge and accordingly

the electric power decrease.

There are several possible explanatic:s of this effect.

In the first place

there is an increase in the degree of ionization of the mixture by "fast"
electrons since there is an increase in the average nuclear charge of the

gas mixture.
by more than 5.

However, this could hardly lead to an increase of conductivity
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In the second place, the electron concentration increases as a result of
direct or step=by-step ionization of Xe in the discharpe. Estimates of the
rate of direct ionization of Xe in the discharge assuming maxwellian energy
distribution of electrons with temperature T,=0.7 eV (the electron concen-
tration evaluated from plasma conductivity is neulo11 em=3, the electron
energy dependence of the fonization cross section is taken from Ref, 9)

show that the rate of semi-self-maintained fonization (10'3.-101" cm¥/s) 1s
comparable to that of self-maintained ionization at a xenon partial pressure
of the order of 1 mm Hg. It is also known that maxwellian distribution of
electrons is less rich in "fast" electrons than the actual distribution for
mixtures of COp=Ny-He at the same effective temperature. It should be noted
that in addition to direct ionization of Xe, a process of step=by-step
fonization 18 possible through a metastable level of Xe with energy 8.32 eV
that is populated in the discharge in collisions with both electrons and
metastable N» molecules,

In the third place, The excited Xe atoms may increase the rate of destruction
of negative fons in the discharge. This_is goasible only in the case where
this process has a constant of about 10=7 em3/s, since according to the data
of Ref. 12 the destruction of negative ions by excited nitrogen takes place
with a constant of about 10~% ecmd/s, and the amount of nitrogen in the
mixture exceeds the amount of xenon by a factor of nearly 100.

The two latter processes should lead to a reduction in the voltage threshold
of discharge stability [Ref. 5, 13]). 1In particular, in the second case,
fonization instability may develop due to a sharp increase in electron con-
centration as excited xenon atoms are ionized. Since the threshold of
step-by-step fonization is lower for Xe than for N, instability develops

at lower electric field strengths. This is observed experimentally as well
(see Fig. 4).

The enumerated processes can be attributed to saturation of conductivity as

a result of an increase in the amount of Xe. 1In the second case this occurs
due to a reduction in the number of "fast" electrons in the presence of Xe,
while in the third case it is due to the total disappearance of negative ions.

4, Shown in Fig. 5 are curves for the limiting input powers (to the zone
outside of the cathode) as a function of composition, pressure and flowrate
of the gas through the discharge gap. The limiting power is determined by
the voltage and the corresponding discharge current at which uniform burning
gtops and the discharge becomes an arc.

The limiting power of the discharge increases linearly with an increase in
the rate at which the gas mixture is pumped through. The installation pro-
vided a gas flowrate in the core of the stream of v=90 m/s in the discharge
channel. At these gas flowrates, the ratio of the electric power of the
blower motors to the electric power of the discharge is of the order of
0.1-0.15. Since the discharge power increases in proportion to v, while the
electric power consumed in moving the gas in the gasdynamic loop is
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Fig. 5. Curves for the limiting electric power Py outside of the anode-
cathode zones as a function of flowrate v (1), partial pressures of carbon
dioxide py (2) and helium p, (3), and total pressure p (4):
1--C02:Nz:He:Xe:C0O=1:31:16:0.8:1, p=50 mm Hg; 2--COy:Nj:He:Xe =
(pe/1.1):30:16:1, p-pg=48 mm Hg; 3--C02:Njp:HeiXe = 1:21,5:(p,/1.7) 11,
p~=py =40 mm Hg; 6—-C02:N%:He:Xe-1:30:16:0.6; v=90 m/s (2-4);

Up =180 kV; je=6.5 pA/cm

proportional to v3, from the standpoint of efficiency of the installation it
is advisable to increase the flowrate past 150 m/s.

An -increase in the partial pressure of CO, in a mixture with Nz, He and Xe
leads to a reduction in the maximum power of the electric discharge. In this
case there is a drop in the limiting voltage of the discharge (apparently

due to the development of instabilities caused by the presence of a large
number of negative ions [Ref. 5, 13]. 1In addition, due to the sticking
processes described by reactions (2)-(5) there is a reduction of plasma
conductivity.

There is an increase in the limiting electric power with rising total gas
pressure of the mixture (Ref. 5). But at the same time, the limiting value
of E/p falls off (E is the limiting electric field strength in V/cm; p is

the initial overall pressure in mm Hg). This fact is analogous to the reduc~
tion of breakdown values of E/p as the value of pd increases (d is the

length of the discharge gap) at low levels of semi-self-maintained ionization
(Paschen curve) [Ref. 16]. 1In a qualitative sense, the same relations show up
as the pressure of the mixture is increased by adding helium.

5. The lasing power increases linearly as the input power is raised (Fig. 6).
In this connection, as the total pressure of the mixture is increased there is
a reduction in the efficiency of stimulated emission, since when the trans-
parency of the optical cavity is fixed, its efficiency falls off with in-
creasing pressure and hence with a reduction in gain.
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Piag? rel. un,
10

0% W 80 & Pgy, kW R LA
a2 4 Pgy mm Hg
Fig. 6. Curves for lasing power as a . % d p, mm Hg
3 % 7% Pys mm Hg

function of electric power outside of
the anode-cathode zones for a mixture
of COy:Np:He:Xe=1:30:16:0.6 at a
pressure of p=42 (1), 52 (2) and 61
mm Hg (3); Uy =180 kV, 3o=6.5 uA/em?,
v=90 m/s.

Fig. 7. Curves for lasing power as a

fun. tion of limiting electric power -
outside of the anode-cathode zone. ‘
Conditions and notation on Fig. 5.

As has already been pointed out, an increase in the pumping rate of the gas
mixture enables an increase in the limiting electric power, and accordingly
in the lasing power (Fig. 7). At high flowrates there is an decrease in the
pace at which the lasing power increases, which can be attributed to the
influence of processes of transport of excited molecules of CO2 and Nj out of
the resonator.

With increasing partial pressure of COy, there is a reduction of efficiency

as well as lasing power. This is apparently due to an increase in the popula-
tion of the lower laser level and a reduction in the fraction of energy
expended in excitation of the 00%v mode of CO; molecules and vibrations of

N, molecules.

With increasing absolute pressure of He in the mixture there is an increase
in the rate of de-excitation of the lower laser level and a rise in lasing
power (Ref. 7). Let us note the rather high efficiency (about 5%) of a laser
with a mixture that does not contain He.

6. The given parameters and characteristics of the laser correspond to gun
accelerating voltages of 180-190 kV. Such a voltage combined with the low
densities of "fast" electron current sharply reduces the loads on the aluminum
foil at the gun output.

Operation of the beam at an accelerating voltage of 100-200 kV enables

a reduction in overall dimensions and simplifies the design of the gun and
power supply sources, and also.reduces the accompanying x-radiation by a con-
siderable factor. Besides, a reduction in "fast" electron energy results
in increased ionization of the gas mixture in the discharge chamber.
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sareful break-in conditioning of the gun made 1t possible to operate con-
tinuously (for about an hour) at -in accelerating voltapge of 120 kV, 1t was
established that at the same gun current the discharge current increases by
a factor of 1.3 with practically constant limiting discharge power, while
the ratio of pun power to electric digcharge power is cut in half,

7. The distribution of laser emission intensity in the far zone (at the
focus of the mirror with radius of 30 m) was studied by an optical knife
cutting the focal spot at a rate of 7.5 mm/s [Ref, 19], ‘The emission power
reflected from the optical knife was re.orded by a flow-through bolometer and
a loop oscilloscope.

Analysis of measurement results gave a laser radiation divergence (angle
between the optical axis of the bean and the generatrix of the pencil of
rays including 80% of the emission power) equal to (5-7)°+10~" rad.

8. The experiments that were done demonstrate the effectiveness of using the
electroionization method *of pumping for excitation of cw €0y lasers. The
energy inputs attained by the electroionization method on a level of

0.019 J/cm® (300 kJ/kg) in large discharge volumes (~10" em®) result in a
rather high level of stimulated emission. The addition of small amounts of
Xe (~1%) to the working mixture of a CO2 laser increases the maximum energy
parameters of the facility.

The use of a catalytic regenerator and small additions of CO in the gas
mixture of a CO, laser enable prolonged operation of a closed-cycle laser
without changing the gas mixture. In this connection, high purity of the
initial gases with respect to oxygen 1s not an absolute necessity.

The results lead us to hope for extensive application of closed-cycle
CO,-EBL's.

In conclusion the authors express their deep gratitude to G. G. Dolgov-
Savel'yev for useful discussion of the results, to A. P. Dzisyak, A. I.
Lazurchenkov and Z. I. Ashurly for taking part in developing the regenerator,
and also to V. I. Ivanov, V. N. Lisov, B. P, Malugin, A. I. Tishchenko and

A. A. Kholodilov for assisting with the experiments.
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i PHYSICS

UDC 621.378.325

STIMULATED EMISSION OF MICROSECOND PULSES IN A RING LASER

; Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 4(82), Apr 79 pp 851-852
[Article by V. V. Arsen'yev, i. N. Matveyev, A. N. Stepanov and N. D. Ustinov]

' [Text] The paper describes a solid-state ring laser in
which square pulses of microsecond duration are produced

i by using an electro-optical feedback loop and a special
. law for Q-switching the cavity. To compensate for delay -

of the feedback signal, the laser utilizes matching of
: the light-pulse travel time around the cavity half-ring
with the electric pulse time of travel through the feed-
back circuit, which eliminates the spike on the emission
pulse front and reduces fluctuations of emission on its
peak. The use of a traveling-wave lasing mode made it
possible to get stable microsecond square pulses with a
low number of transverse modes, as well as reducing the
divergence of emission to 3-4'.

One of the most effective ways to increase the emission pulse length of
- ) solid-state lasers with Q-switching to a microsecond or more is to use
‘ electro-optical negative feedback (NFB) and a special law for Q-switching
the cavity [Ref. 1-3]. However, the pulses produced by this technique have

"Fig. 1
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considerable fluctuations at the peak (Fig. la). These fluctuations were
least noticeable in a cavity with configuration close to semiconcentric with
a large number of stimulated transverse modes [Ref. 1].

A considerable disadvantage of lasers with such a configuration of the cavity
1s the large divergence of radiation, exceeding 30'. Attempts to reduce the
divergence by reducing the number of modes lead to an increase in the fluctu-
ations on the pulse peak and a reduction in pulse stability. Besides, in
these lasers there is a sharp lasing spike on the emission pulse front even
with stimulated emission of microsecond pulses that have a smooth peak. This
spike is due to delay of the NFB signal in the electric circult by a time T4
relative to the instant of arrival of the light wave that causes this signal
at the light shutter. Complexity in eliminating the influence of signal
delay in the NFB circuit is due to the fact that the minimum length of the
NFB circuit as dictated by the lengths of the photocell and coupling cable

is 30-40 cm. Besides, the light shutter simultaneously transmits both the
forward and reverse waves, the feedback signal acting on each of these, so
that delay of the NFB signal is compensated only for a wave in one direction.

In this paper we propose a laser with electro-optical feedback in which the
influence of delay of the electric NFB signal with respect to the correspond-
ing 1light wave is eliminated by using a ring cavity operating in the traveling
wave mode. In such a resonator one can match the times of arrival of the
feedback signal and the corresponding light wave at the light shutter, and
hence eliminate the cause of the spike on the pulse front. Moreover, the
traveling wave mode eliminates competition of traveling waves of the cavity,
and consequently obviates the need for using a large number of transverse
modes to form a smooth peak on the microsecond pulse, which is important

in reducing emission divergence.

Fig. 2

Research was done on a ruby laser shown schematically in Fig. 2. The cavity
was formed by 90° Brewster prisms. The NFB signal was taken off from coaxial
photocell ®3K-31 to which part of the radiation of the cavity was diverted by
a semi-transparent dielectric mirror with reflectivity Ry =0.3. The times
of arrival of the light wave and NFB signal at the shutter were matched by
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changing the length . of the part of the cavity from mirror Ry to the shutter
when mirror Ry is displaced along the axis of the cavity, or by changing the
signal'delay t; in the NFB circuit when the length of the coupling cable is
increased. Q-switching of the cavity was accomplished with crystal DKDP-1
[dipotassium orthophosphate] with simultaneous application of the modulating
voltage pulse formed in accordance with a special law and the NFB signal,
The emisslon was coupled out of the cavity by a dielectric mirror with

! R2=0.3 set at an angle of 5-10° to the axis of the cavity. To get a travel-
ing wave, a passive valve was used based on reflecting mirrors with
R3 =R, =0.99. A state close to single-mode operation was attained by
introducing a positive lens into the cavity with focal length f3 =1 m,
and by adjusting it to confocal configuration.

Mirror R} was moved to satisfy the relation Td=11~2/c=0, resulting in
shaping of smooth microsecond pulses without a spike on the wavefront.

The resultant pulses (Fig. 1b) retained their shape with displacement of the
mirror Ry along the cavity axis over a range of Al = +10 cm. With a further
increase in 19 (Al), regular oscillations appeared on the pulse peak with
frequency 1/T = 120-360 MHz (Fig. lc).

A change in the configuration of a spherical cavity in the range 0 <L/f<4
did not have such an appreciable effect on pulse shape as in the two-mirror
cavity [Ref. 1]. 1In the case of the confocal configuration most frequently
used in practice, stable lasing with a microsecond pulse close to single~mode
was achieved. This shows that in a ring cavity the stabllity of the peak

of a microsecond pulse depends less on the number of transverse modes than

in a two-mirror cavity.

The emission divergence attained after correction with a lens having f3=2 m
was about 3-4' at a pulse recurrence rate of 1-3 Hz. The spectral width of
the radiation was 0.05-0.1 A. Corresponding to such a wide laser radiation
line are a large number of axial modes, which reduces modulation of the
pulse peak due to beats. Moreover, to reduce fluctuations on the pulse
peak, maximum inhomogeneity of the field along the axis was set up in the
active element by locating this element close to the pinch produced by

lens f;.

Thus the use of a ring laser with electro-optical NFB makes it possible to
shape microsecond square pulses with a smooth peak without a spike on the
leading edge with small emission divergence.
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PHYSICS

UDC 535.36:538.3

CONCERNING IMPRECTSION IN THE REPRODUCTION OF THE SPATIAL STRUCTURE OF A BEAM
IN THE AMPLIFYING MEDIUM OF LASER SYSTEMS WITH A REVERSING MIRROR

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 4(82), Apr 79 pp 864-867
[Article by G. G. Kochemasov and V. D. Nikolayev]

[Text] An examination is made of the influence that in-
homogeneities of gain and refractive index in the active
medium of a two-pass amplifier with ideal wavefront-

- reversing mirror have on the accuracy of reproduction of
spatial distributions of the amplitude and phase of the
input signal. It is gshown that in the case where inhomo-
geneities of the index of refraction are fairly small and
the amplifier can be treated as a thin lens (phase cor-

- rector), the wavefront of the output radiation is reversed
with respect to the wavefront of the input signal. Other-
wise reversal does not ocecur.

The effect of wavefront reversal is being more and more extensively used in
the process of stimulated scattering. It was shown for the first time in
Ref. 1 that when certain conditions are met the field of the Stokes component
of stimulated Mandelstam-Brillouin scattering is complex-conjugate to the
pumping field. Wavefront reversal can be realized in other nonlinear pro-
cesses as well [Ref. 2-5] and has various applications (see for instance

Ref. 6-8).

In all arrangements a beam with a certain spatial structure (in the form of
a flat wave [Ref. 6] or radiation scattered from a target [Ref. 7, 8] passes
through an amplifier, is reflected from a wavefront reversing "mirror" and
passes a second time through the amplifying mediun. In accordance with the
principle of reversibility, it is assumed that the field of the output radia-
tion of such a two-pass amplifier is complex-conjugate to the field of the
input signal.

However, i:‘ is clear that in an inhomogeneous amplifying medium the principle
of reversibility is only approximately valid. 1In this paper we examine how
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this situation affects the accuracy of reproduction of the #patial structure
of the input signal in a two-pass amplifier. Actually, the equations that
describe propagation of laser emission in an amplifying medium

b, -
980 o SLE, L thbn ) £ Lod g

dg:
oL ( . 0 ~N)
"-"07"1 ﬁAlE. L ikOn (r) Ey +-$—3—) by, ()

are not complex-conjugate when é%(u-—&) #£0. 1In (1), Ey,» are the complex
amplitudes of the forward and reverse waves; k is the wave number, A, 1is the

Laplace operator with respect to transverse coordinates, a and x are the
coefficients of amplification and absorption, Sn(r) is the inhomogeneous
component of the index of refraction. If amplification and absorption are
homogeneous, then after substitution of variables ﬁ1’3=E1,gexp[i%(a-x)z]
equations (1) become complex-conjugate. In such a medium the principle of
reversibility for rays becomes valid.

As implied by (1), the presence of transverse nonhomogeneities of a plifi-
catlon or absorption leads to violation of the principle of reversibility and
to imprecision of reproduction. We illustrate this by the example of a
lens-1ike medium in the state of linear amplification:

8n(r)=An(r/a)%;
GmHa.I-4ﬂé'L 1=, @

We take the input siynal of the amplifier as gaussian, and assume that the
reversing mirror i{s ideal. It {4 known [Ref. 9] that during propagation in
a lens-like medium, such a beam remains gaussian and for describing it one
can conveniently use a matrix method. Using this method, we introduce the
parameter

| | ) 2
70 “R@ ' Thet@) @

where R(z) is the radius of curvature of the wavefront, w(z) is the transverse
dimension of the beam. The value of q)(l) after a single passage through the
amplifier is related to the parameter of the input signal q(0) by the
expression
Agy(0) ~ B )
() - i€, @ =D

where A, B, C, D are the elements of the transfer matrix., In the case of
a lens-like medium of length I,

c | —
4 D enVayl, B --T»"—.—-_--sm Vongt,
3

)} ng
2in i, - a.al « Vaanit
- — N /) - ' .
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Here for the sake of definiteness we consider a defocusing medium. The
transformation realized by the reversing mirror can be represented as
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TRUBNUY 6)

Relations (4) and (5) are sufficient for determining the parameter q»(0)
at the output of the two-pass amplifier:

|"‘ ¢ * . ’ 0
1 ) P q, () (AA ° ";IJB) : (n_‘g,q )

23 - N8 voth)
WO RO RTOF s (45 A'8) - (4474 n308")
]

"In the general case expression (6) is too cumbersome. Therefore let us
consider the limiting cases that are of the greatest interest.

A thin leng: xg¢y<l, With accuracy to a quantity of the second order of

smallness with respect to x, we find that the values of the radii of curvature

of the wavefronts of the output radiation and the input signal coincide, and

the transverse dimension of the beam becomes less:
Wy

el e | W
Joo1 b 2mgluy,, b

Wenyx == *
[note subscripts bx=input, owx =output]. This result has a simple meaning,
and can be obtained from the following considerations. In the thin-lens
approximation the beam trajectories can be taken as rectilinear, and the
influence of inhomogeneities can be accounted for as phase advances and
amplification along the trajectories. The inhomogeneous phase lead in a
thin lens is compensated in reverse travel through the medium. To find the
distribution of intensity in the cross section at the amplifier output, and
hence to find wguy it is sufficient to write

Lar (7) = Tax (1)@ o |y () e ¢ anin”,
In this case we arrive again at formula (7). It is clear that in an
optically thin amplifier with arbitrary (and not only lens-1ike) medium,
wavefront reversal and beam constriction will take place. Under conditions
of amplification saturation the effect of constriction will be less pronounced

and the degree of constriction will depend on the length of the unsaturated
section of the active medium.

A thick lens: x<i, y21,1. e.

120/VZn - loy #)

(L, is the limiting length). In the case of an input signal in the form
of a planar wave

- Vo oy .
Reux ~@f} 28a; weux 201 23 ;Y al. "

i. e. reproduction is absent. The beam parameters (9) correspond to the
fundamental mode of an active waveguide (2). In reality at a distance

121 the fundamental waveguide mode is isolated so that the beam practically
"forgets" its initial structure. From the standpoint of geometric optics, the
quantity an corresponds to the distance within which a ray parallel to the
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optical axis will cross the active region and gn beyond its limits. Obviously
nider saturation conditions the radius of curvature of the wavefront will

no: change, and the beam yize will increase to about b, In this case the
divergence at the amplifier output will be U (2b/a) V2An, and will cotnelde
with the divergence in lasers with an inhomogeneous active medium and a

plane-parallel cavity [Ref., 10].

The reason for the lack of reversal of the wavefront in a thick distributed
lens 18 that the propagation of a reversed convergent wave is unstable, and
the pernturbations caused by pain inhomogeneity are sufficient to convert
this wave to a diverging wave. We can convince ourselves of this if we use
a relation of type (4) for the reverse wave and postulate 1 > Ly 0 =0 and
q2(2) = -q1(1) +8q. When 8q=0, we have q2(0) = ~q1(0), 1. e. exact reversal
takes place. 1In the presence of perturbations (8q#0) such a length I > Dpy
eixsts that the radius of curvature after reverse travel through an inhomo=
geneous medium 18 equal to ~an. In the amplifier the gain inhomogeneities
play the part of such perturbations.

Thus the gain inhomogeneities in the medium impose fundamental limitations

on the accuracy of reproduction of the wavefront in lasers with a reversing

mirror. Effective dynamic compensation of aberrations is possible only in

amplifiers in which the active media can be considered thin lenses.
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